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Abstract

Observations in the near- and far-infrared allow us to probe through cosmic clouds of gas
and dust to uncover processes that are obscured at other wavelengths such as young stars
embedded in dust clouds, thermal emission from the interstellar medium, and the birth of
galaxies. However, cosmic infrared light is obstructed by Earth’s atmosphere. As a result,
infrared astrophysical instrumentation is often designed for use in space. As specific examples
of technologies addressing the kind of science that can be performed at these wavelengths, I will
discuss my contributions to two applications of infrared instrumentation: a Fourier transform
spectrometer (FTS) and the Cosmic Infrared Background ExpeRiment-2 (CIBER-2).
I have developed the FTS for use as a calibration device to source far-infrared light with
well-understood spectral characteristics. The motivation for such a device stems from the
development of a novel spectrometer-on-a-chip design for far-infrared wavelengths. To test
the prototype THz on-chip spectrometer, I have designed and am now fabricating the FTS,
with an expected completion date of late 2022. In this thesis, I will discuss the motivation,
optical configuration, thermal and mechanical design processes, and status of the FTS.
This thesis also presents my contributions to CIBER-2, a sounding rocket experiment
designed to distinguish the Epoch of Reionization from intra-halo light by characterizing fluctuations in the Extragalactic Background Light. This instrument, which collects images in
both the near-infrared and the optical, completed a successful first flight from White Sands
Missile Range on June 7th, 2021. I will discuss the performance of the instrument in its first
flight as well as the improvements I have implemented that will lead to a successful second
flight scheduled for early 2023.
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Chapter 1

Introduction
Astrophysics is an intricate science that requires precise measurements, outside-the-box thinking, and a mastery of physical principles, along with many additional niche skills. Similarly,
designing and building instruments for experimental physics is a meticulous engineering process
that requires problem-solving, unique machining processes, and a foundational understanding
of engineering. These two disciplines intersect in astronomical instrumentation, particularly
in instruments designed to be deployed in the environment of space. To design successful and
sustainable astronomical instrumentation, the worlds of astrophysics and engineering must be
blended.
The field of infrared space-based instrumentation is a forefront of technological advancements today, encompassing anything as small as a microchip housing an entire spectrometer
[Hailey-Dunsheath et al., 2014] to a heat shield the size of a tennis court [Greenhouse, 2011].
To design and integrate such wide-ranging technologies, one must have a general understanding
of a range of topics including but not limited to astronomy, heat transfer, optics, mechanical
design, systems engineering, and more. In this thesis, I describe my contributions to two
such infrared astronomical instruments that require this experience for their design and implementation: the Fourier transform spectrometer (FTS) and the Cosmic Infrared Background
ExpeRiment-2 (CIBER-2).
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1.1

Far-Infrared Fourier Transform Spectrometer (FIR FTS)

1.1.1

Science Motivation

Far-infrared (FIR) astronomy is one of the greatest tools we have to uncover the mysteries of
the early Universe. By measuring in the FIR spectrum (broadly defined as the wavelength
range 30-300 µm), observations can probe through clouds of gas and dust to uncover processes
that are obstructed at other wavelengths such as young stars embedded in dust clouds, thermal
emission from the interstellar medium (ISM), and the birth of galaxies [Farrah et al., 2019]. In
addition to the redshift of the objects, FIR spectral features contain a diverse set of atomic and
molecular transition lines. These molecular transitions provide information about the processes
and physical conditions required for the formation of stars throughout cosmic history. Thus,
measurements in the FIR directly uncover the materials, dynamics, and physics of cosmic
structures [Benford et al., 2005].
As a result, some of NASA’s most compelling and impactful astrophysics missions have
been primarily focused on FIR wavelengths including Spitzer [Cooray et al., 2012], Herschel
[Poglitsch et al., 2010], and the Stratospheric Observatory for Infrared Astronomy (SOFIA)
[Shafer et al., 2001, Jones et al., 2019, Colditz et al., 2012], and have uncovered groundbreaking information about our cosmic origins. The main challenge for these missions stems
from the fact that FIR light is obstructed by Earth’s atmosphere (Figure 1.1). To resolve
this, advancements in instrumentation for FIR wavelengths is one of the most vibrant areas in
astrophysical technology development today [Farrah et al., 2019]. FIR space instrumentation
has yet to become a common technology, so many of the instruments in the field have been
made and designed by smaller groups of researchers with interest ever growing. Furthermore,
the recent 2020 NASA Decadal survey calls for large-scale FIR arrays and readout systems for
future probe missions [National Academies of Sciences and Medicine, 2021]. FIR technology
spans a wide range of applications, but specifically, the following four subfields are likely to
drive the advancement of FIR observations in the next two decades:
1. Planetary systems and the search for life: Continuum observations in the FIR
measure the distances, size distributions, and orbits of both Trans-Neptunian Objects
2
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Figure 1.1: The atmospheric transmittance of the electromagnetic spectrum over wavelengths
spanning 1-1000µm. The curves compare visibility for ground-based observing (ALMA), observing from SOFIA, and two higher altitudes accessible by balloon-based platforms. The
obscured transmittance at ground-based platforms is significantly larger for the FIR regime
which is approximately 30-300µm. Figure courtesy of D. Farrah [Farrah et al., 2019].
(any object in the Solar system that orbits the Sun at a greater average distance than
Neptune) [Santos-Sanz et al., 2012] and zodiacal dust (interplanetary dust) [Ootsubo
et al., 2016]. FIR observations can also characterize the atmospheric structure, the
composition, and the water features of these bodies [Encrenaz, 2008] as well as uncover
information about the dynamics and evolution of protoplanetary disks [Hughes et al.,
2018]. These mysteries have the potential to constrain the early formation stages of our
Solar System which in turn tells us about the formation of other systems, thus leading
the search for life beyond Earth.
2. The early lives of stars: Since FIR light is not easily obscured by cosmic dust, it
Chapter 1. Introduction
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is particularly useful for studying early star formation processes. FIR observations can
probe numerous early stages all the way from structures in molecular clouds to the
envelopes and disks that surround individual pre-main-sequence stars [Jackson et al.,
2019]. Conversely, spectral observations are needed to diagnose the physical conditions
of the gas phase within the clouds such as accretion flows, outflows, jets, and associated
shocks [Dutta et al., 2022]. Since the spectral energy distribution (SED) of protostars
peaks in the FIR, photometry is required to estimate their luminosities and evolutionary
states. As such, there is much to be uncovered about the early lives of stars that can
only be observed in the FIR regime.
3. The physics and assembly history of galaxies: The shape of the FIR dust continuum is an indicator of the dust grain size distribution in the interstellar medium (ISM)
of the Milky Way and nearby galaxies [Calzetti et al., 2000]. This informs us of the energy balance in the ISM, since its emission and absorption features allow us to measure
star formation, metallicity gradients, gas-phase abundances and ionization conditions,
and gas masses providing insight into how galaxies form and evolve [Farrah et al., 2019].
This insight is particularly valuable for the goals of our mission to understand the details
of “cosmic noon” at 0.75 ≲ z ≲ 2.25, or the epoch at which the largest fraction of stars
were emplaced in galaxies [Florez et al., 2021].
4. The origins of the Universe: A powerful method of constraining the physics of
the early Universe is through millimeter-wavelength investigations of primordial B-and
E-modes in the cosmic microwave background [Keck Collaboration et al., 2022]. The
challenge associated with these measurements, however, comes with the polarized dusty
foregrounds that limit our ability to measure the primordial polarization signals. The
only method of isolating and removing these foregrounds is through FIR measurements.
Existing instruments for CMB science include FIR channels for this specific purpose and
have thus far been successful in making advancements in our understanding of the origin
of the Universe.

4
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1.1.2

The Importance of Space Applications of FIR Instruments

While necessary to our modern understanding of astrophysics, spectrometric observations in
the FIR are limited by the Earth’s atmosphere [Farrah et al., 2019]. At FIR wavelengths
the Earth’s atmosphere is both absorptive of astrophysical photons and emissive, contributing
large Poisson noise and time-varying emission to observations from ground-based sites (Figure
1.1). Given this challenge, space missions and sub-orbital platforms allow for FIR visibility
with the cost of stringent physical limitations. These limitations include but are not limited
to instrument size and weight, systems for temperature control, surviving launch vibrations,
and optical focusing ability [Han and Zhang, 2022].

1.1.3

Advancements in Space Spectroscopy: Filter Bank Technology

Spectrometers consist of a disperser that breaks the incoming light into its individual wavelengths and records the relative intensities of each. By coupling this with positional information about the dispersed light, we can observe the spectra of individual sources of interest.
Most common spectrometers are based on the following fundamental optical effects: refraction, diffraction, or interference. Refraction is used in designs involving prisms where the
shape of the glass refracts the light to a predetermined angle based on its wavelength [Feng
et al., 2022]. Alternatively, diffraction gratings separate incoming light using precision slits to
diffract different wavelengths of light in slightly offset directions [Poglitsch et al., 2010]. The
interference patterns from these projections through the slits are directly related to the wavelength components of the light source. Lastly, interferometers (FTS or Fabry-Perot) make use
of light interference patterns to distinguish wavelengths and their respective intensities present
in a detection [de Graauw et al., 1996, Clegg et al., 1996, Griffin et al., 2010].
A rich legacy of missions has successfully overcome the challenges associated with spacebased instruments. Spectrometer architectures that have been used on space instruments in the
past include grating spectrometers like the Photoconducting Array Camera and Spectrometer
(PACS) on Herschel [Poglitsch et al., 2010], FTS like the Herschel SPIRE-FTS [Griffin et al.,
2010], and Fabry-Perot etalons like the SWS/LWS on ISO [de Graauw et al., 1996, Clegg et al.,
Chapter 1. Introduction
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1996]. These architectures are well understood and can achieve λ/∆λ = R = 102 − 104 .
As technological advancements continue to rapidly increase in the world of FIR instrumentation, we find that many of the existing architectures have considerable drawbacks. Grating
spectrometers are mechanically simple, but are challenging to couple to wide fields of view.
FTS systems require moving parts and considerable space allocations with long integration
times for spectral scanning. Fabry-Perot systems require tight parallelism tolerances of mirror
surfaces and precise actuation mechanisms.
To combat these drawbacks, a promising new design for spectral dispersion in the FIR
is filter bank technology [Bryan et al., 2016, Denis et al., 2019]. This technology offers a
more compact and mechanically simple architecture than typical spectrometer designs (grating
spectrometer, Fabry-Perot, prisms, etc.). These devices are etched onto the surface of a silicon
wafer and propagate radiation down a waveguide that feeds into a series of tuned half-wave
resonators, which are themselves coupled to low-noise detectors (kinetic inductance detectors KIDS). The filter bank is formed by arranging a series of channels increasing in frequency, with
a spacing between channels equal to an odd multiple of λ/4. This arrangement has several
advantages for medium-resolution FIR spectroscopy, including (1) compactness; (2) integrated
on-chip dispersion and detection; and (3) a mechanically simple and reliable architecture.
Furthermore, this architecture can yield very low photon backgrounds in space, potentially
allowing the use of detectors with noise equivalent power (NEP) < 10−20 W Hz−1/2 .
Since it offers significant size and weight savings over existing spectrometer architectures,
this kind of technology is of strategic interest to NASA [National Academies of Sciences and
Medicine, 2021, NASA, 2020]. Our broader future implementation goal is to eventually test
this technology in a sounding rocket mission. This will enable us to validate the spectrometer
efficiency and its eventual use in a space-based instrument. This technology goal is represented
by the label “RAxDEx” in Figure 1.2.

6
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Figure 1.2: Spectral resolving power, λ/∆λ, versus wavelength for a selection of future FIR
instrument concepts. The RAxDEx mission is currently under study by our team, and the
gray region indicates the parameter space enabled by our proposed technology. Figure adapted
from Leisawitz et al. 2018.

1.1.4

FTS as a Calibration Device

To test the functionality of the prototype THz on-chip spectrometer, I have designed and
am currently fabricating a calibration device to source FIR light of a known spectrum. This
instrument will illuminate the prototype on-chip spectrometers to provide a spectral calibration
source. The calibration device is an FTS that comprises a linear actuator to measure an
incoming blackbody signal at discrete positions. Such devices have been used extensively for
this type of calibration due to their simplicity, broad spectral range, and variable resolution
[Wishnow et al., 1999, Spencer et al., 2004]. A Fourier transform (Eq. 1.1) converts the
produced interferogram in the spatial domain, I(δ) with location δ, into a spectrum in the
frequency domain, B(ν̄) with frequency ν̄.
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Z

+∞

B(ν̄) cos (2πν̄δ)dν̄

I(δ) =

(1.1)

−∞

To design an FTS, the minimum observable wavelength in the spectrum, λmin , is set by the
differences in the path length steps, ∆xNyquist (Eq. 1.2).

λmin = 2∆xNyquist

(1.2)

Conversely, the resolution of the spectrum, ∆ν̃, is determined by the total path length of the
scan, ∆xtotal (Eq. 1.3).

(∆ν̃) = (∆xtotal )−1

(1.3)

My design of the optical configuration, thermal and mechanical systems, and the current
fabrication status are described in chapter 2.

1.2

Cosmic Infrared Background ExpeRiment 2 (CIBER-2)

At the opposing end of the IR spectrum, near-IR instrumentation requires unique optics,
detectors, and cryogenic systems to explore a complementary region of astrophysical science.
Due to the impact of airglow on near-IR detections (OH radicals in the atmosphere [Nguyen,
2021]), it is more advantageous for near-IR instrumentation to be space-based. Given the
recent success of the James Webb Space Telescope (JWST) and future planned missions such
as Euclid, SPHEREx, and the Nancy Grace Roman Space Telescope (NGRST), there is a lot
of interest and need for advancements in near-IR technologies. As a specific example of the
science that can be performed at these wavelengths, we consider the CIBER-2 sounding rocket
experiment and my contributions to it.
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1.2.1

Science Motivation

The Extragalactic Background Light (EBL) is the integrated light produced by all emission
in the Universe over cosmic history. In the near-IR, the EBL encodes the contribution from
the first objects that formed during the Epoch of Reionization (EOR) (when the first stars
and galaxies lit up the Universe) all the way to the light emitted from nearby galaxies [Madau
and Pozzetti, 2000, Hauser and Dwek, 2001]. While many sources of the near-IR EBL are
well-understood, for example, the component from known galaxy populations, observationally
challenging sources that are faint or intrinsically diffuse can provide additional unique insights
[Cooray, 2016]. Of particular current interest are the emission from EOR sources and stellar
material in the diffuse outskirts of galaxies scattered during structure formation, referred to as
intra-halo light (IHL) [Cañas et al., 2020, Contini, 2021, Cheng et al., 2021]. An understanding of these sources would verify current models of structure formation, including assumptions
about early star formation [Kashlinsky et al., 2018, Cooray, 2016]. One of the greatest challenges in determining the contribution of these sources is that absolute measurements of the
faint EBL signal have proven to be difficult due to foreground emission from local sources such
as Zodiacal Light (ZL) [Kawara et al., 2017, Zemcov et al., 2017, Sano et al., 2020]. ZL is composed of sunlight that is scattered by interplanetary dust (IPD) in the optical and near-IR. ZL
also thermally emits in the mid- and far-IR [Zemcov et al., 2018, Tsumura et al., 2013]. The
treatment of EBL foreground sources is crucial as they can be up to 100 times brighter than
the EBL at some wavelengths. As a result, even small uncertainties in the foregrounds can
propagate into large error bars on the inferred EBL brightness. The origins of the foregrounds
that impact our ability to precisely measure the EBL are listed in Table 1.1.
The science drivers for the CIBER-2 mission are motivated by attempting to distinguish
these foregrounds from EBL fluctuation measurements.
1. Intra-halo Light: When galaxies collide, stars are stripped from their host galaxies
and form an extended halo around the merged galaxy we call IHL [Conroy et al., 2007].
On scales of galaxy clusters, diffuse IHL tends to contribute to more than 50% of the
total luminosity [Purcell et al., 2007, 2008]. However, on the scale of individual galaxies,
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Table 1.1: Known EBL foregrounds that contribute to the intensity of the measured fluctuations. Table adapted from Nguyen 2021.
Foregrounds

Origins

Resolved Sources
Zodiacal Light (ZL)
Diffuse Galactic Light (DGL)
Residual Sources (RS)

Bright stars and galaxies above the masking cutoff
Sunlight scattered & reprocessed by the interplanetary dust
Starlight scattered by interstellar dust
Unresolved or faint sources below the masking flux cutoff,
or the residual wings of masked sources

these halos are much more challenging to measure [Gonzalez et al., 2005].
2. Ultraviolet (UV) Luminosity Density During the EOR: The EOR marked the
end of the cosmological dark ages and the beginning of the history of galaxies and heavy
elements. The current best constraint on the reionization history comes from a metaanalysis by the Planck collaboration, which concluded that the reionization must have
been completed by z = 7 [Planck Collaboration et al., 2020]. The bulk UV intensity
responsible for reionization must originate from dwarf galaxies with stellar masses at the
level of 107 M⊙ [Mason et al., 2015, Gnedin, 2016]. With such low luminosities, a large
fraction of these reionizing galaxies may be below the individual point-source detection
level of even deep integrations with the James Webb Space Telescope [Salvaterra et al.,
2011]. These faint galaxies, however, are expected to leave a distinct signature in the
spectrum of EBL intensity fluctuations [Kashlinsky et al., 2004, Cooray et al., 2012,
Madau and Dickinson, 2014]. From the EBL intensity fluctuations, we can determine
the corresponding RMS fluctuation amplitude, as shown in Figure 1.5.
3. Residual Faint Galaxies at z < 5: Apart from the EOR and IHL fluctuation signals,
EBL fluctuations can also be generated by faint galaxies that fall below the point-source
masking threshold of IR images (Table 1.1). Fortunately, deep Hubble Space Telescope
and ground-based surveys have made it easier to model the power spectrum of these
faint galaxies [Helgason et al., 2012]. Such models have even been used to isolate the
IHL fluctuation signal [Zemcov et al., 2014].
4. Multi-band Separation of EBL Fluctuations: The least understood contributors
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to the EBL at optical and IR wavelengths are the IHL and EOR signals. We expect
the signal from EOR to be ∼ 20 − 30× smaller than that from the IHL at wavelengths
λ > 0.9µm (Figure 1.5), thus challenging our ability to disentangle the sources. A multiband fluctuation study can recover the EOR signal because it drops out at wavelengths
below the redshifted Lyman cutoff for z > 8 whereas the IHL signal varies smoothly from
optical to IR wavelengths [Feng et al., 2019]. Through multi-component decomposition
of the fluctuation’s spectral energy and spatial distributions, we can separate the EOR
signal down to the depths shown in Figure 1.5. Figure 1.3 shows the resulting constraints
on the UV luminosity density of reionization in three redshift bins between 7 < z < 15.
The fluctuation measurements of CIBER-2 probe the very faint systems that are missed
in large galaxy surveys (black solid line in Figure 1.3) and establish the UV density of
reionization sources at z > 7 to infer the star formation rate density (SFRD).

1.2.2

CIBER-2 Motivation

A new technique has successfully allowed us to isolate the EBL from the ZL: mapping variations
from the mean intensity (anisotropy) of the observed EBL, a technique known as intensity
mapping [Zemcov et al., 2014, Feng et al., 2019]. This technique is effective because ZL is
known to be spatially smooth up to an angular scale of a few arcminutes. The EBL component
can be distinguished by measuring in multiple bands to isolate the fluctuations from the
mean intensity and as a result, precisely determine its spectrum, amplitude, and constituents.
This technique is different from, and complementary to, mapping large-scale structure with
galaxy surveys, as it is sensitive to diffuse structure not accounted for through resolved source
surveys [Kovetz et al., 2017]. The intensity mapping methodology is as follows: we take
a sky observation, mask resolved sources, subtract the mean brightness, and then take the
angular power spectrum of the residuals which captures its spatial fluctuations (Figure 1.4). To
decompose the spectrum, we construct a power spectrum template to describe the fluctuations
comprising the EOR galaxies, the foregrounds, and any additional components representing
new/unaccounted sources (Figure 1.6) [Feng et al., 2019, Nguyen, 2021]. Intensity mapping
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Figure 1.3: The fluctuation measurements of CIBER-2 probe the very faint systems that are
missed in large galaxy surveys. Constraints on the SFRD of the Universe are plotted as a
function of redshift to reference the expected CIBER-2 contribution to the SFRD model. This
illustrates the visible difference in SFRD when measuring with galaxy surveys (black line)
compared to broadband studies (yellow bands). The plotted points are derived from galaxy
counts from Madau and Dickinson [2014] and the two hatched regions show the requirement
on the SFRD for reionization assuming two values for the escape-fraction of UV photons from
galaxies at 20% and 6% for lower and upper curves, respectively. Figure courtesy of the CIBER
collaboration.
takes advantage of the fact that different sources contribute to the spatial fluctuations uniquely,
reflecting the properties of their sizes and color [Cooray et al., 2004]. Different shapes of the
EOR spectrum can be predicted by different galaxy models, so we can compare them based
on how well they describe the observed spectrum. To improve the decomposition, we take
12
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Figure 1.4: The observed signal from the sky (right panel) consists of the EBL from faint
EOR galaxies (left panel) and resolved, bright galaxies (middle panel) from galaxy surveys.
The bright objects in the middle panel consist of all known sources and can be removed
from the observed signal to produce the background emission in the left panel. The faint
EBL fluctuations (deviations from the mean brightness) allow us to infer the structure of the
Universe. Figure courtesy of the SPHEREx collaboration.
multi-wavelength observations so that the SED of the sources can be incorporated into the fit.
For instance, EOR sources exhibit the Lyman limit cutoff at optical wavelengths, therefore
the amplitude of EOR fluctuations at those wavelengths can be set to zero. This is how we
can disentangle the unique sources from the raw data collected by CIBER-2.
The first Cosmic Infrared Background ExpeRiment (CIBER-1) [Zemcov et al., 2014],
Spitzer [Cooray et al., 2012, Arendt et al., 2010], and AKARI [Matsumoto et al., 2011] have
made use of this technique to detect EBL anisotropies from known galaxy populations on
large angular scales (> 5 arcmin) (Figure 1.5). This successful data collection shows that the
large-scale variations of the EBL exceed what can be accounted for by known galaxies [Zemcov
et al., 2014, Matsumoto et al., 2011, Matsuura et al., 2017]. A variety of sources have been
proposed to explain these excess variations: IHL [Cañas et al., 2020, Contini, 2021], diffuse
Chapter 1. Introduction

13

Chapter 1. Introduction

Figure 1.5: The measured amplitude of CIBER-1 [Zemcov et al., 2014], Spitzer [Cooray et al.,
2012], and AKARI [Matsumoto et al., 2011] EBL fluctuations are shown from 1 to 4µm. The
IHL model spectrum shows a good fit to these values. The amplitude of EOR fluctuations
is expected to lie in the yellow-shaded region from EOR models. CIBER-2 is designed to
make high-accuracy measurements of EBL anisotropy from optical to NIR wavelengths that
will determine the history of IHL production (red) and will distinguish the EOR component
(blue/pink limits). Figure courtesy of the CIBER collaboration.
galactic light [Henyey and Greenstein, 1941, Arai et al., 2015], and primordial black holes at
redshift z ≥ 12 [Yue et al., 2013a,b].
The second Cosmic Microwave Background ExpeRiment 2 (CIBER-2) [Zemcov et al.,
2014, Lanz et al., 2014, Zemcov and CIBER, 2016, Shirahata et al., 2016, Lanz, Park et al.,
2018, Nguyen et al., 2018, Takimoto et al., 2020, Nguyen, 2021, Cheng et al., 2021] is designed
to solve this mystery by carrying out multiwavelength broad-band intensity mapping in 6
spectral bands from 0.5 to 2.5µm, which will allow decomposition of the EBL signal. The
scientific and technical foundation for CIBER-2 builds on the EBL anisotropy measurements
described in Zemcov et al., 2014. The primary science goal of CIBER-2 is both to characterize
the history of IHL to determine its redshift evolution across the history of galaxy formation,
14
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Figure 1.6: EBL fluctuation spectra of (a) CIBER-1 1.1 x 1.1 µm and 1.6 x 1.6 µm, (b)
CIBER 1.1 x 1.6 µm, (c) CIBER and Spitzer 1.1 x 3.6 µm and 1.6 x 3.6 µm, (d) Spitzer 3.6
x 3.6 µm. Open circles show earlier measurements from the Hubble Space Telescope and filled
circles show the CIBER-1 and Spitzer spectra. From (c), the fluctuations appear to be highly
correlated between CIBER-1 and Spitzer. Fluctuations at large angular scales (l ≲ 1000) are
not fully represented by the combination of low-z galaxies, IHL, and DGL [Arai et al., 2015]
and thus motivate the consideration of the IHL. The shaded zones combine the EOR, the
foregrounds, and the best-fit IHL, which most commonly overlaps the CIBER-1 and Spitzer
data. This figure is a reference for the scientific results we plan to disentangle with future
CIBER-2 observations. Figure courtesy of Zemcov, M. [Zemcov et al., 2014].
and to constrain the UV luminosity density from EOR galaxies to inform a model of firstlight galaxies and reionization. Overall, the measurements taken with CIBER-2 will provide a
Chapter 1. Introduction
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fundamental test of the merging history of galaxies over the last 13 billion years. CIBER-2 has
been built and was first successfully launched and flown on a NASA Black Brant IX (BBIX)
sounding rocket on June 7th, 2021.

1.3

Thesis Synopsis

The contents of this thesis outline my contributions to both the FTS and CIBER-2 instruments. My work over the past two years has consisted of the design, integration, testing, and
implementation of the hardware for these IR instruments. The organization of this thesis is
as follows:
Chapter 2 presents the requirements, design, and fabrication of the FTS. The chapter
discusses the design process that takes into account the system requirements. While the FTS
is still currently in its fabrication stage, the assembly process is discussed briefly.
Chapter 3 outlines the instrument subsections, targeting goals, and preliminary launch
preparations of CIBER-2 for its first flight. The relevant systems of the instrument are described as well as the image targeting plan and its justification. All subsystems relevant to
my work refurbishing the instrument are described. My contributions to testing and flight
preparations at the White Sands Missile Range (WSMR) for the launch campaign are also
discussed.
Chapter 4 outlines the work I have completed on CIBER-2 post-flight to prepare it for
its upcoming second launch. Complication mitigation strategies are outlined along with my
hardware adaptations and refurbishments with their associated integration and assembly steps.
Lastly, chapter 5 on future directions discusses the current status of both the FTS and
CIBER-2 and their respective action plans. The projected timeline and science impacts of
CIBER-2 are listed, and its relation to future NASA missions is discussed.
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Chapter 2

Fourier Transform Spectrometer
I had primary responsibility for the design of an FTS for use as an FIR calibration device for the
developmental testing of an on-chip spectrometer (§1.1). The FTS is currently being fabricated
with expected completion in late 2022. In this chapter, I will discuss the requirements, optical
configuration, thermal and mechanical design processes, and fabrication status of the FTS.

2.1

Design Requirements

The requirements for the FTS are set by the testing requirements of the on-chip spectrometer
and its design for FIR spectroscopy (100-200 µm). Since the FIR FTS is designed to be a
calibration device, it has many design drivers including but not limited to temperature constraints, mechanical interfaces, and structural supports. Most notably, the FTS must provide
1 octave of free spectral range (FSR) between 1-4 THz to match the targeted on-chip spectrometer frequency range. To effectively trace the response from each waveguide, the device
must also be able to disambiguate a 1µm filter function. Lastly, the on-chip spectrometers are
designed to observe blackbody targets with characteristic temperatures of 15-100K to match
the expected thermal load from interstellar dust grains [Farrah et al., 2019]. These base requirements, as well as the other considered characteristics, are summarized in Table 2.1 along
with the engineering requirements and specifications for the instrument.

Chapter 2. Fourier Transform Spectrometer
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Table 2.1: Engineering requirements and specifications for the FTS. The characteristics are
determined by the design of the prototype THz on-chip spectrometer.
Characteristic
λ Range
∆λ

Requirement
1 octave free spectral range (FSR)
between 1-4 THz
Disambiguate 1µm filter functions

Configurability

Temperature must be less than
interstellar dust grains
at 15K [Farrah et al., 2019]
The input source can be changed

Optical Quality

Interferogram over a D>0.5" aperture

Aperture

Maximum mirror size is 2" diameter

Path Length
Difference
Vibrations

1µm Resolution

Temperature

2.2

Vibrations affecting the retardation
< 10% of spectral resolution

FTS Specification
Spectral range of 100-200µm
Bandpass filtering
Measure in 0.1µm increments
5K optics temperature
Evacuated system
Test with hot and cold
blackbody sources
Photon transmittance > 50%
over 1" aperture
Optical path cannot
exceed 2" diameter
20cm path difference on
10cm linear actuator
Cryostat vibration is
below 10µm

Design Process and Considerations

The design and fabrication of the FTS system required an iterative engineering process. Once
the requirements were defined by the scientific and technical goals of the project, the design
of the optical, thermal, and vibration damping systems went through many iterations and
stages of development before finalizing the design. I began with the optical system design, but
from there stepped through many design changes to optimize the overall configuration of the
FTS. Many of the components were also designed simultaneously with the optical assembly,
one such example being the thermal design. Additionally, as with many precision instrument
designs, complications arose once fabrication and assembly began, thus requiring retro-fitting
of parts to meet the requirements of the system. This process is illustrated in Figure 2.1. The
following sections outline my design considerations for each of the subsystems of the FIR FTS.
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Figure 2.1: The flow chart outlines the process for designing the FTS. Starting on the left, the
design began with assumed temperature values to calculate the heat load. Then from the heat
load, a cryocooler could be chosen that would have sufficient power to cool the system. From
there, an iterative cycle of testing cryocooler properties and verifying the system requirements
begins. The cycle ends once the temperature and structural requirements have been met.

2.2.1

Optical Design

Since it sets the physical size, cooling demands, and mechanical interfaces of the instrument,
the optical configuration is the first design element to be considered. One of the most common
optical configurations for an FTS is the Michelson interferometer, illustrated in Figure 2.2. The
incoming light (e.g., a blackbody light source) is split equally through a beamsplitter sending
two rays of light towards reflective mirrors. One mirror is fixed in place while the other is
attached to a moving stage mounted to a linear actuator. After reflecting off the mirrors,
the beams return to the beamsplitter to be recombined and then focused onto an imaging
plane. The interference of the two light paths creates variations in the output beam intensity
as the difference in the path length changes. By making measurements of the signal at many
discrete positions of the moving stage, the incoming light spectrum can be reconstructed using
a Fourier transform (Eq. 1.1). This output is referred to as an interference pattern and is a
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result of the superposition of the two interfering light paths.
An FTS can offer significant advantages over other spectrometer designs (e.g., refractive
or diffractive). Firstly, the interferometer’s detector monitors all wavelengths simultaneously
throughout the entire measurement. When measuring at wavelengths with high noise interference (IR wavelengths), this offers an increase in signal-to-noise ratio (SNR). Secondly, an FTS
does not require a limited aperture as with grating or prism spectrometers, which pass the
incoming light through a narrow slit to achieve high spectral resolution. This is an advantage
when the incoming light is not of a single spatial mode.

Figure 2.2: Optical configuration of a Michelson interferometer. The input signal from the
object plane (left) is propagated through the interferometer as described in the text, with the
optical path difference z created by the moving mirror (right). The output is located at the
image plane (bottom). Figure adapted from Naylor et al. 2013.
When detecting FIR light, any emission from the instrument can be read as part of the
signal. The thermal emission from the environment can even be brighter than the signal of
interest at the detector when measuring light at such long wavelengths, thus the optics must be
cooled to cryogenic temperatures to reduce the self-emission of the instrument. This requirement presents the need to make the instrument housing as small as possible to (1) decrease the
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self-emission and (2) minimize the cooling power required to reach cryogenic temperatures, all
while maintaining space for the moving mirror to traverse a linear slide of length 10cm. This
physical limitation requires that the configuration of the FTS be optimized to minimize the
space, thus taking on an adaptive optical path design from the original Michelson interferometer design. The optical path was created and optimized using the program Zemax 1 . An
optical ray trace of the FTS light path is provided in Figure 2.3 and a simulated model of the
light scattering effects is provided in Figure 2.4. This figure is shown to illustrate the location
of each of the components in a 3D space as well as the light ray path between the mirrors,
filters, windows, and beamsplitter. The optical light path is described in detail in Table 2.2.
Outer Window

Low Pass Filter

Gold Coated Al Mirror

Beamsplitter

Input

Output

Focusing
Lens

Collimating
Lens
Thermal Cut

Retro Reflector

1 in
Radiation Shield
Outer Vacuum Box

Figure 2.3: Drawn to scale optical ray tracing model of the light path designed for the FTS.
The ray traces outline the maximum, minimum, and central rays for the light aperture that
can be passed through the system. The thermal layers are also shown to note the location of
the thermal cut lenses and the outer windows.
This optical design is optimized to address many of the requirements for the FTS (§2.1).
The optical quality and the aperture requirements are the driving factors for the design of the
optical path. Machinability constraints limited the maximum size of our mirrors to 2 inches in
length. As a combination of this and the designed angles of the mirrors, the aperture of the light
1

https://www.zemax.com/

Chapter 2. Fourier Transform Spectrometer

21

Chapter 2. Fourier Transform Spectrometer

Figure 2.4: Zemax simulation of the optical design of the FTS. The light path and optical
components are outlined in Table 2.2. The green lines represent light rays coming from the
light source on the left and imaging to the detector at the output port on the right. The Zemax
model highlights the light scattering within the system which is reduced by later applying an
anti-reflection (AR) coating to the lenses.
Table 2.2: Optical components of the FTS listed in order from input to output (left to right
of Figure 2.4). For further description of the filters used, see Ade et al. 2006. For information
on the efficiency values, see Zhou et al. 2019.
Component
Vacuum Window
Thermal Cut
R5 Collimating Lens
Input Filter Stack
Mirrors
Beamsplitter
Mirrors
Output Filter Stack
R5 Focusing Lens
Thermal Cut
Vacuum Window

Material
HDPE with an AR coat
Metal Mesh
HDPE with an AR coat
Metal Mesh
Al 6061 with Gold Coat
Kapton
Al 6061 with Gold Coat
Metal Mesh
HDPE with an AR coat
Metal Mesh
HDPE with an AR coat

Reflect/Transmit
Transmit
Transmit
Transmit
Transmit
Reflect
Reflect/Transmit
Reflect
Transmit
Transmit
Transmit
Transmit

Efficiency
0.9
∼1
0.9
∼1
0.98
∼0.45
0.98
∼1
0.9
∼1
0.9

passing through the entire system is approximately 1.4 x 1.4 inches. The rectangular mirrors
are approximately 1.4 x 2 inches and the two round mirrors adjacent to the beamsplitter are
3 inches in diameter. The λ range and path length difference requirements are met from the
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linear actuator range of motion (10cm). The temperature requirement is addressed by housing
all the optics on one optical bench that will be directly coupled to the cryocooler. Additionally,
by having the moving mirror stage attached to the base of the outer vacuum housing, the motor
and stage assembly can be further distanced from the cooled optics. Lastly, the configuration
requirement is addressed by locating the input and output ports on opposite ends of the FTS
to have unobstructed points of access for coupling to the light source and detector. To keep
the FTS as universally configurable as possible, the system was designed so that the input
source can be any temperature blackbody for potential future science cases.
The following sections discuss the steps I took once the initial optical design was completed.

2.2.2

Thermal Design

Designing an FTS for FIR light presents the additional challenge of reducing thermal emission
from the instrument that could interfere with the precise measurements of the interferometer.
Any thermal emission from the system will be read as IR light on the detector, which increases
noise in the reading of the signal. To mitigate this, it is imperative that the system be cooled
to temperatures below the blackbody spectrum peak of the required signal detection [Farrah
et al., 2019]. Since our spectral range for this project is between 100 and 200 µm, we require
the use of cryogenics to reach temperatures below 15K.
To achieve the temperature requirement of housing optics at < 15K in a room temperature
laboratory, heat transfer principles were used to optimally design the housing for the optics.
The considerations included convective, radiative, and conductive heat loads and how to abate
their impact on the internal optics of the system. Equation 2.1 defines the total heat power,
Qtotal , imparted onto the system from the environment and its individual contributors:

Qtotal = Qconvection + Qradiation + Qconduction

(2.1)

Each of the following sections outlines the individual contributors listed in Eq. 2.1 and how
their impact on the system was mitigated to cool the internal optics.
Chapter 2. Fourier Transform Spectrometer
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Convection
To nominally remove any heat transfer through the instrument from convection, we evacuate
the cryostat to hold vacuum. This removes any air molecules that could potentially circulate
the heat from the external walls (300K) to the internal optics (< 15K). Eq. 2.2 defines the
heat transfer contribution from any internal convection to be zero:

(2.2)

Qconvection = 0
Radiation

The second contributor to the heat load on the FTS is radiation. The radiative power imparted
on the system is modeled as blackbody radiation dependent on the temperature of the emitting
body. The total power radiated by a body, Qradiation , with temperature T is given by StefanBoltzmann’s Law

(2.3)

Qradiation = σAT 4

with Stefan-Boltzmann’s constant σ ≈ 5.67×10−8 Wm−2 K−4 [Lebrun, 2007]. More specifically,
the equation for the heat flux between two surfaces of temperature T1 and T2 is given by

(2.4)

Qradiation = ϵσA(T14 − T24 )

where ϵ is the emissivity relation of the two materials. Some emissivity values for relevant
cryogenic system applications are provided in Table 2.3.
Table 2.3: Emissivity of materials used for FTS components at low temperatures [Lebrun,
2007].
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Material

Radiation from 290 K,
surface at 77 K

Radiation from 77 K,
surface at 4.2 K

Stainless Steel, polished
Aluminum, black anodized
Aluminum, polished
Copper, polished

0.12
0.95
0.10
0.06

0.07
0.75
0.06
0.02
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While the calculated value for the radiative heat load is largely dependent on the temperatures of the two surfaces, the heat load can be further reduced by increasing the number of
layers between the two surfaces. The concept of nested layering is used in the FTS to reduce
the radiative thermal transfer. Essentially, the additional layers intercept the radiative heat
load by requiring that the heat power passes through the additional layer before radiating to
the next. When designing the layering requirements for the FTS, I optimized the number of
layers by following the temperature requirement of reaching an optics temperature of < 15K
(Table 2.1) and later ensuring the cryocooler had a matched cooling power. As a result, the
FTS consists of an outer vacuum chamber, a radiation shield, and an optics housing. Each
of these layers is designed to be held at approximately 300K (room temperature), 100K, and
4K, respectively. The three-layer design is demonstrated in Figure 2.5.
One challenge that arises with the nested layering design is mounting the mirrors on the
linear actuator. Since the actuator operates on the bottom of the vacuum chamber, outside
of the extreme cryogenic temperatures, the retro-reflector mirror mounted to it must have a
stand that passes through each layer. This is achieved by running a slot through each layer
to allow the stand to traverse along the length of the actuator. This slot, however, allows
for radiative heat transfer to pass through and reduces the thermal blocking efficiency of the
layers. To remedy this, I designed a mobile light baffle that attaches to the base of both the
optics housing and the radiation shield. The light baffle is described in further detail in §2.2.3.
Additionally, I designed risers to house the cold plates (heads) of the cryocooler (Figure
2.5). These risers block the warm thermal radiation from the piping above the cold plates
from illuminating the internal optics housing. The risers are also designed to attach directly
to the cold plates to effectively increase the surface area and cooling power of the plates.
The rest of the thermal components outlined in Figure 2.5 are discussed in the following
sections.

Chapter 2. Fourier Transform Spectrometer

25

Chapter 2. Fourier Transform Spectrometer

Figure 2.5: Schematic drawing of the thermal design of the FTS with three separate layers
(external vacuum chamber, radiation shield, and internal optics housing). Other components
of note are listed to illustrate their location and integration in the assembly. The listed
components are discussed in the Radiation and Conduction sections.
Conduction
To assess the heat conduction throughout the FTS, the heat load transfer through conducting
components was calculated based on assumptions of their temperature, surface area, and
material. Using the same temperature assumptions as the radiative load calculations (300K,
100K, and 4K for the three layers) and the surface area assumptions from the initial design
of the optics assembly, I calculated the thermal load on each of the layers using Fourier’s Law
which expresses the proportionality of heat flux, Qconduction , with the thermal gradient,

dT
dx ,

[Lebrun, 2007]

Qconduction = k(T )A

dT
dx

(2.5)

This equation is also dependent on the thermal conductivity of the material being used. The
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lower the thermal conductivity of the material (e.g., G10, vespel, etc.), the lower the heat
transfer between layers. For calculating the thermal conduction through a solid rod of length
L, cross-section A, spanning a temperature range [T1 ,T2 ], the integral form of equation 2.5 is
given by

Qconduction

A
=
L

Z

T2

(2.6)

k(T ) dT
T1

This equation was used in the FTS design for the supports of each layer as I designed them
to be rods of G10 (Figure 2.5). The comparison of the thermal conductivity of G10 to other
selected materials is provided in Table 2.4.
Table 2.4: Thermal conductivity of selected materials at varying temperatures ranges [W/m]
[Lebrun, 2007].
From vanishingly low temperature up to

20 K

80 K

290 K

OFHC Copper
DHP Copper
Aluminum 1100
2024 Aluminum Alloy
G10 Glass-Epoxy Composite

11000
395
2740
160
2

60600
5890
23300
2420
18

152000
46100
72100
22900
153

Cryocooler Selection
Once the initial calculations described above had been completed, I sourced a cryocooler
that would meet the cooling power requirements of the system, as outlined in Table 2.5.
These values were calculated using a Python function that was dependent on the surface area,
temperature, and material assumptions for the system.
Table 2.5: Assumed temperature for thermal layers and associated surface areas from the
initial SolidWorks model. The heat flux was calculated using the equations for radiation and
conduction provided previously.

Temperature [K]
Surface Area [m2 ]
Calculated Heat Flux [W]

Outer Housing

Radiation Shield

Internal Optics

300
1.24
-

100
0.69
17.7

4
0.23
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The cryocooler chosen for the FTS is the Sumitomo RDK-305D2 which is rated to reach
temperatures of 4.2K with a second stage capacity of 0.4W and 40K with a first stage capacity
of 20W (at 60Hz). The heat capacity map and mechanical drawing for this cryocooler are
provided for reference in Appendix A.
Thermal Modeling in SolidWorks
Following the selection of a cryocooler, verifying the final design of the FTS was done iteratively. The process, as illustrated in Figure 2.1, begins with the initially assumed calculations
to select a cryocooler that could meet the heat load demands. Then, the cryocooler properties
were used to recalculate the initially assumed values to ensure the temperature requirements
could be met. This was completed through a series of SolidWorks thermal simulations. The
performance of the cryocooler was verified when the simulations matched the initial calculations for the temperature of each thermal layer from the Python function mentioned previously.
More specifically, the total cooling power of the cryocooler was used to calculate the
expected temperatures of the thermal layers using equations 2.4 and 2.6 with the surface area
assumptions in Table 2.5. From these values and the results of the SolidWorks simulations, I
was able to verify that the initial temperature requirements could be met by the cryocooler,
including margin for unexpected reduced performance.
Following this verification, the design was iterated to optimize the size, weight, and overall
machinability of the integrated components. A graphical render of the final design is provided
in Figure 2.6 with a cutaway view to highlight the three thermal layers. The following section
discusses the mechanical design, which is an integrated part of the thermal design process.

2.2.3

Mechanical Design

The mechanical design of the overall instrument as well as specific, key subsystems are described in the following sections. Each of the designs was iterative as outlined in Figure 2.1.
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Figure 2.6: SolidWorks graphical rendering of the optical assembly in its cryogenic housing
after being optimized to meet thermal and mechanical requirements. The top left cutaway
view exposes the thermal layering.
Vibration Analysis
Once the thermal requirements were met, the vibrational and structural requirements needed
to be addressed. The displacement specifications for the Sumitomo RDK-305D2 are provided
in Figure 2.7 and 2.8 along with the test setup for the measurements in Figure 2.9. These tests
were completed by Sumitomo and the resulting plots were provided for use in simulations to
Chapter 2. Fourier Transform Spectrometer
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verify that the requirement for the vibration of the mirrors was met.
The vibration of the cryocooler from the provided Sumitomo testing was input to SolidWorks and the movement of the mirrors as a result was output. The simulation results
verified the movement of the mirrors to be under the threshold of impact to the system (less
than 10µm). The resonant frequency nodes were also far less than the frequency of FIR light,
so the vibration of the mirror stands is not expected to influence the interferometer readings
(Figure 2.10).

Figure 2.7: Displacement measurements of the first stage of the Sumitomo RDK-305D2 during
operation. Figure provided courtesy of Sumitomo.

Material Decisions
Simultaneously with the analysis of heat transfer and vibration impacts, the material choice
for each of the components was considered for both thermal and structural optimization.
As mentioned previously, the material choice greatly impacts the conduction and reflectivity
within the system when assessing the heat load (Tables 2.3 and 2.4). The material choice
also affects the structural integrity of the system when under vacuum and extreme cryogenic
temperatures. Due to these considerations, it was determined that the strongest, cheapest, and
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Figure 2.8: Displacement measurements of the second stage of the Sumitomo RDK-305D2
during operation. Figure provided courtesy of Sumitomo.

Figure 2.9: Test setup for measurement of the displacement of the stages of the Sumitomo
RDK-305D2 during operation. Figure provided courtesy of Sumitomo.
best thermal conducting material to be used for a majority of the components was aluminum
6061 T6. This metal is widely accessible and comes in many forms for machining use. For
Chapter 2. Fourier Transform Spectrometer
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Figure 2.10: SolidWorks vibration analysis of the mirror stands to assess their resonant frequency. (Top) Frequency response as a function of the frequency mode. (Bottom Left) Color
range image of the vibration response of the mirror stand (red corresponds to greater displacement and blue corresponds to less displacement). (Bottom Right) Table listing each frequency
mode of the mirror stand.
thermal isolation between layers, G10 is used to reduce conduction. For critically conducting
components such as the cryocooler plate risers, oxygen-free high thermal conductivity (OFHC)
copper is used. Lastly, to increase the strength of the outer vacuum chamber, aluminum 7075
is used for the cover plates. This reduces deflection as a result of the pressure differential.
All of these materials were specified in the SolidWorks simulations to ensure their behavior
performed as expected. To verify the strength of each layer, especially the outer vacuum
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chamber, a SolidWorks simulation with the full weight of the assembly and the vacuum pressure
was successfully run.
Additionally, cooling the system to cryogenic temperatures affected the structural integrity of the overall assembly. As a result, the material choices also needed to fulfill the goal
of having low thermal contraction with high structural strength. While metals and metal alloys
are considered the materials with the lowest thermal contraction to strength ratios, they can
noticeably impact the interfaces of the system when decreasing the temperature from 300K
to 4K [Sonar et al., 2018]. G10 is used for the support beams, for it has a reduced thermal
contraction constant and maintains strength in compression.
After choosing the materials, they were verified using the SolidWorks simulation described
previously. The strength and thermal contraction of the components were simulated and
verified that the vacuum chamber could support the weight of the cryocooler when mounted.
Light Baffle
The light baffle design (Figure 2.11) contains an aluminum foil accordion housed inside an
aluminum 6061 frame that attaches directly to the base plate of both the optics housing and
the radiation shield. The accordion mounts directly to either side of an attachment to the
retro-reflector stand. The folds of the foil allow for expansion and contraction as the stand
slides from end to end, thus blocking thermal radiation from transferring across the opening.
To test the durability of the light baffle, a prototype was fabricated and tested with a
continuously running linear actuator over the course of multiple days. This test was longer
and more frequent than the expected lifetime use of the instrument. Its successful completion
verified the durability of the designed structure.
Vacuum Chamber
I designed the vacuum enclosure for the FTS to optimize the space for the optical path. The
chamber design is approximately 30 x 30 x 14 inches in external size. For assembly, the chamber
walls are welded together and the cover plates are attached with a symmetric bolt pattern
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(a)

(b)

Figure 2.11: (a) Graphical layout of the light baffle design. The top view (top) displays the
slot for the linear actuator stand. The side view (bottom) displays the accordion folding of
the aluminum foil. (b) SolidWorks rendering of the light baffle.
over an o-ring groove. Additionally, the weight of the chamber is reduced, while maintaining
its strength, by cutting a repetitive square pattern into the external walls. A SolidWorks
rendering of the chamber with key components highlighted for reference is provided in Figure
2.12.

2.3

Assembly Procedure

The assembly procedure for the FTS progresses from the internal optics outward as a result
of the complexity of the mechanical design. Before assembly with the vacuum chamber, many
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Figure 2.12: SolidWorks rendering of the FTS vacuum chamber final design. The pertinent
design elements are labeled for reference.
of the components can be assembled externally:
• Attach all optical components to the optics bench.
• Attach the light baffles to the underside of the base plates. Leave off the sides of the
baffles to later access the set screws on the center stand attachments.
• Assemble the support beams for both the radiation shield and the optics housing.
• Attach the HDPE windows to the vacuum chamber.
• Attach the hermetic connector with cabling to the vacuum chamber port.
• Attach the thermal cut assemblies to the radiation shield.
• Assemble the retro-reflector on the top half of the linear actuator stand.
• Attach the optical bench onto the optics housing base plate along with the two side walls
over the lens barrels. Also, attach the top cover of the housing.
• Attach the cryocooler collars to the top of the optics housing and the radiation shield.
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Then, assembling the components within the vacuum chamber follows a specific order to ensure
all systems fit properly. The order is as follows:
1. Mount the linear actuator, motor, and supports to the vacuum chamber base. Run the
cables from the hermetic connector to the motor.
2. Mount the radiation shield base plate to the supports.
3. Mount the supports for the optics housing.
4. Insert the top cryostat riser into the vacuum chamber for later assembly.
5. Mount the assembled optics housing onto the supports.
6. Attach the radiation shield to its base plate. This step may require the removal of the
base plate supports to fit the cryostat riser over the collar attached to the radiation
shield.
7. Slide the bottom half of the retro-reflector stand through the light baffles to attach it
to the linear actuator. Fix the stand with the set screw on both the linear actuator and
the light baffle.
8. Attach the top half of the retro-reflector by sliding it through the top light baffle and
fitting it to the bottom half.
9. Attach the side covers to the light baffles.
10. Slide the cryocooler into the assembly. Attach the radiation shield collar, the bottom
riser, and the copper flange to the two heads. Then, attach the copper braid to the
optical bench.
11. The cover plates can now be attached to the vacuum chamber to seal the instrument.
As a reference of the status of fabrication, Figure 2.13 shows the optical bench with the optics
attached. The FTS is expected to be fully assembled by September 2022, cryogenically and
optically commissioned over the autumn, and ready for use as a calibrator in early 2023.
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Figure 2.13: Optical bench with optics attached. The retro-reflector is placed in an indicative
position for reference and the rectangular mirrors have yet to be gold plated.
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Chapter 3

CIBER-2: The Instrument, First
Flight Preparations, and Launch
The CIBER-2 instrument is designed to characterize the fluctuations and absolute brightness
of the EBL. This chapter details the configuration of the instrument, as well as the campaign
leading to its successful first flight in June 2021.
During the instrument build-up that took place in 2019, each international contributor to
the CIBER collaboration shipped their subsystems to RIT for integration. The development
and preparation for CIBER-2’s first launch were completed in February 2020 at Wallops Flight
Facility in Virginia. The COVID-19 global pandemic postponed the first launch of CIBER-2
from 2020 to June 2021, during which it successfully collected images of the astronomical sky.
In the following sections, I describe the design drivers, instrument subsystems, and the image
targeting plan for the first successful launch of CIBER-2.

3.1

CIBER-2 Design Drivers

The design drivers for the CIBER-2 mission aim to optimize the instrument’s sensitivity,
resolution, spectral coverage, and systematic error for intensity mapping observations from a
sub-orbital sounding rocket:
• Cryogenic operation: To maximize the SNR, large format IR detectors with low
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read noise and dark current like the HAWAIIx detectors are desirable [Blank et al.,
2012]. These detectors exhibit minimized noise levels when operated between 15 - 95K,
necessitating the use of a cryogenic focal plane. Additionally, cooling the telescope
and its mechanical supports to < 100K significantly reduces the self-emission from the
hardware in the near-IR, which also improves sensitivity. To achieve these temperatures
while optimizing the cost and complexity of the instrument, we use liquid nitrogen (LN2)
cooling [Zemcov et al., 2013].
• Pixel Scale: For deep source masking, a pixel scale matched to the point spread function
(PSF) of the instrument minimizes the number of pixels lost on the numerous faint
sources. CIBER-2 detectors have 2048 × 2048 pixels which counting the three cameras
is 6× the pixel count on CIBER-1. The pixel scale is 4.3”/pix.
• Spectral coverage: To constrain the origin of the excess EBL fluctuations, we require
observations across the near-IR and optical wavelengths. As mentioned in Chapter 1,
the Lyman break at < 1µm helps distinguish the EOR contribution from that of lower
redshift sources (IHL). The three cameras on CIBER-2 cover the wavelength range of
0.5 - 2.5 µm over six wavebands to capture the Lyman break of EOR galaxies.
• Maximized Etendue, AΩ: The EOR component of the observed fluctuations is an
order of magnitude fainter than the IHL. To detect the faint signals, our telescope must
maximize its light-gathering power (etendue) which is defined as the product of the
telescope’s collecting area (A) and field of view (Ω). There are two main reasons why
high etendue is desirable. First, a large light collecting area maximizes SNR in a pixel
in a short exposure, so the foregrounds can be masked to very deep flux levels and
the noise is reduced on the surface brightness signal. Secondly, a wide Ω removes the
need for image mosaicking (creating a composite picture made of overlapping, adjacent
images). Mosaicking requires more exposure time, a stable platform, and additional
post-processing to correct for the artifacts caused by stitching images together, inevitably
introducing more systematic uncertainty into measurements of large-angle structures in
the images. To avoid these challenges at a fixed sounding rocket skin diameter, A is
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maximized by using a large primary optic, and Ω is maximized by employing wide-field
optics with a 2:3° × 2:3° Ω in each of the three cameras.
• Airglow Mitigation: In the 0.5 - 2.0 µm window, the airglow effect due to hydroxyl
radicals (OH) in the atmosphere is significant, especially at around 1.5 - 1.6 µm [Maihara et al., 1993]. Airglow emission is ∼ 200 - 1500 times brighter than astrophysical
sources [Cox, 2000]. To avoid contamination from the atmosphere, observations are best
conducted from an altitude above the layer where OH is most abundant – about 100
km from sea level [Zemcov et al., 2014]. This is well above the limit of balloon experiments. Consequently, near-IR EBL studies have utilized orbital facilities like the Hubble
Space Telescope or the Spitzer Space Telescope. However, the expense of constructing
an orbital space mission makes it impractical to build one for a single science goal. The
sounding rocket platform offers a cost-effective alternative. They are frequently used by
NASA, and well-developed resources, to construct and launch an experiment in the span
of a few years. Moreover, the experiment can be recovered and flown multiple times, so
modifications can be made between flights to reflect the advances in technology or to
incorporate new science findings.
• Systematic Error Control: Our methodology for systematic error control in CIBER-2
is based on the flight-demonstrated methods pioneered by CIBER-1. We test for systematic errors using combinations of data over multiple flights and laboratory measurements,
which allows for multiple internal consistency tests. We also explicitly observe fields with
rich ancillary data (e.g., from Spitzer ) to enable cross-correlations and other systematicsuppressing combinations that allow us to diagnose the data quality and our scientific
interpretation.
Using the predictive formalism presented in e.g., Bock et al. 2013, Table 3.1 details the
expected performance of CIBER-2 for 30 second exposure times.
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Table 3.1: CIBER-2 key parameters calculated for 30-second exposures. Figure provided
courtesy of the CIBER collaboration.

3.2

Instrument Overview

The main subsystems of CIBER-2 include the optical assemblies, focal plane assemblies, LN2
system, shutter door and pop-up baffle, and warm electronics. The system architecture is
illustrated in Figure 3.1.

Figure 3.1: Graphical model of the CIBER-2 payload assembly. The experiment faces to the
left where the shutter door opens to deep space. Each of the subsystems is highlighted in its
location within the rocket skin. Figure provided courtesy of the CIBER collaboration.
The light path for the instrument is as follows. The shutter door and baffle open to deep
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space during flight to capture predetermined targets. The baffle provides shielding from stray
light that could cause systematic errors in the data. A Cassegrain telescope focuses the light
toward the optical assemblies. Simultaneously, a pick-off mirror located at the focal point of
the telescope directs excess light to the CSTARS assembly. The CIBER-2 optics split the
light into three separate pathways (Arm S, M, and L) to be collected on three separate H2RG
detectors (Figure 3.2). The optical bench is mounted to the LN2 tank to cool the entire system.
This tank also provides suspension in the instrument with a ring of G10 plates that mount
to the vacuum bulkhead which interfaces the experiment to the rocket. Lastly, the warm
electronics are housed outside of the evacuated section. The evacuated chamber encloses
everything from the shutter door to the top of the LN2 tank. This chamber is held under
vacuum and cryogenically isolated with both a radiation shield and a multi-layer insulation
blanket to cool the instrument and reduce thermal emission to the detectors.

Figure 3.2: Ray tracing model of the CIBER-2 optics. Photons enter through the Cassegrain
telescope and at the beamsplitter, BS1, half are directed to Arm L, and half are directed
to Arms M and S. The light path that is sent towards Arms M and S is split again by the
beamsplitter BS2 and directed to focus on their respective detectors. The graphic is adapted
from Nguyen 2021 with the ray tracing model from Shirahata et al. 2016.
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3.3

Flight Plan

CIBER-2 is designed to be launched on a NASA BBIX sounding rocket from White Sands
Missile Range (WSMR) in New Mexico. With a 1000lbs payload, the BBIX can reach an
apogee of approximately 320 km above sea level with approximately 350 seconds of science
observation time. This observing time above 100km allows us to collect images that are
unhindered by the airglow effect.
Due to the limited observation time, a strategy had to be designed for optimal observing
to maximize the science return of the CIBER-2 flights. The images taken from the CIBER-2
mission were targeted to overlap with existing survey regions in both the optical and near-IR
wavelength regime for further comparisons with ancillary data. Such uses include but are not
limited to masking and cross-correlation. With a limit of 350 seconds, there were two choices
for flight plans: (1) observing five fields over a range of ecliptic and Galactic latitudes, or (2)
observing one to two adjacent fields with more spectral coverage [Nguyen, 2021]. The first
option (blue points in Figure 3.3a) effectively measures the absolute diffuse emission of ZL
and DGL. Both of these foregrounds are smoothly distributed so by covering more sky, we
can compile data from different directions to improve our statistics. In contrast, the second
option (orange points in Figure 3.3a) allows for more time to collect light in all six bands
on each target, which provides better intensity mapping data. Furthermore, we can obtain
the in-flight flat-field response with this option because all of the fields are close by and have
similar sky brightness.
Considering the risks associated with launch and recovery, the team decided to choose
option 1 for the first flight to observe targets that would obtain sufficient data to analyze the
foregrounds and perform intensity mapping (Figure 3.3b) for comparison with CIBER-1. As
a result, the second option will be used for the second flight to gather more data per flight
to improve the instrument’s sensitivity. The survey type of any subsequent flights will be
optimized depending on the outcome of the data from the first two flights.
Furthermore, each field will be observed twice with a small change in pointing (dither) to
overlap the two halves of the detector. Since each half of the detectors covers different spectral
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Figure 3.3: (a) The potential observing fields for CIBER-2 are projected on the ecliptic sphere.
The fields are chosen from existing surveys for cross-correlation. The target fields that are
optimized for assessing foregrounds are shown as blue points and those optimized for intensity
mapping are shown as white areas. (b) The flight plan model for the 2021 flight of CIBER-2.
The dashed green curve shows the payload’s altitude versus time. Calibration lamp data are
taken during ascent (orange zone) and dark data are taken during descent (gray zone). (c)
A projection of the Lockman field, illustrating the overlapping scan strategy to achieve full
spectral coverage with both bands of the detectors. Figure adapted from Nguyen 2021.
bands, overlapping the two halves covers one section of the sky with both. Figure 3.3c shows
an example of this overlap to illustrate the scan strategy.
Once the observing fields were selected, the launch windows for CIBER-2 were calculated.
Through a Python code based on each field’s visibility from WSMR and the avoidance angles
of the Sun, the Moon, and the Earth, the launch windows were determined. The resulting
launch windows for the first and second flight of CIBER-2 are provided in Figures 3.4 and 3.5,
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respectively.

Figure 3.4: Launch windows for the first flight of CIBER-2. The launch date of June 7th,
2021 was an optimal choice based on the number of observing hours that day. Figure provided
courtesy of Nguyen 2021.

Figure 3.5: My calculation of the launch windows for the second launch of CIBER-2 which is
currently scheduled for early 2023.
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Launch Preparations

Leading up to the first launch of CIBER-2, in mid-2019, the payload went through a testing
campaign at Wallops Flight Facility (WFF) to qualify for flight. The tests that were completed include but are not limited to: spectral response verification, focus testing, electronics
handshaking, sequence testing, and vibration testing. A full description of each of these tests
is provided in Nguyen 2021. Following this campaign, the 2020 COVID-19 pandemic delayed
the launch by 15 months and the instrument was housed in storage at WFF. This time in
storage required that the testing be repeated prior to launch to verify the calibration of the
instrument. The instrument was shipped to WSMR for this testing in mid-2021. Below is
a brief description of the testing completed once the instrument arrived at WSMR. Further
detail on each of the testing procedures can be found in Nguyen 2021.
1. Spectral Response: The spectral response must be understood prior to launch to
accurately interpret the detector’s response for intensity mapping. To characterize the
spectral response, we couple a diffuse light source to a monochromator which feeds into
an integrating sphere. The integrating sphere is then coupled to the window of the
instrument. This configuration outputs specifically tuned wavelengths into CIBER-2 to
calibrate the spectral response of its detectors. We scan across the waveband of each
channel from 0.4 - 2.1 µm. Additionally, an out-of-band image is subtracted from the
spectral scan data to capture both the ambient emission and the dark current.
2. Focus Testing: To calibrate the optics, we must test the instrument focus when it
is both warm and cryogenically cooled to evaluate the thermal contraction of the focal
plane assembly (FPA) resulting in a focal point shift. This procedure is completed by
coupling a collimator with a 2-µm pin hole to the instrument to simulate a point source.
We focus the instrument at room temperature, then cryogenically cool the instrument
and shift the focus of the collimator to locate the position of best focus. Using the results
of the cold focus test, we add shims to the optics/FPA interface, then perform more cold
tests to check if the focus is improved. This is repeated until we can minimize the shift
of the FPA from best focus as a result of cooling the instrument.
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3. Flat-Field Data: The pixels of the H2RG detectors on CIBER-2 all uniquely collect
observed signals. To correct the flight images for this non-uniformity, we perform flatfielding calibration with a blackbody source that mimics sunlight. The source is coupled
to an integrating sphere to ensure a uniform intensity input source is applied to the
CIBER-2 aperture. We measure the detections of CIBER-2 to correct for the nonuniformity of the pixel response as a function of input flux (measuring the relative gain
of each pixel).
4. Dark Current: The detectors generate an electric current that impacts the signal
when collecting images during flight, known as dark current. To remove the dark current,
measurements are taken before and during flight with the cold shutter closed to effectively
remove the optical signal. A long exposure image is taken with this shutter closed so
that the dark current can be seen above the read noise. From a set of such exposures,
the dark current values are averaged to make a template for removing their impact from
the flight images.
5. Star Tracker Alignment: For flight, the CIBER-2 instrument must be coupled to the
sounding rocket star tracker assembly provided by the NASA engineering team. This
provides the navigation and pointing for the instrument. The alignment is performed
while looking at the night sky to properly calibrate real measurements from the sky to
the pointing direction of the instrument. While we were not directly responsible for
these tasks, we provided assistance when required.
Following the completion of the listed activities, NASA engineers and launch technicians
integrated the Black Brant and Terrier rocket boosters onto the payload stack. Once the rocket
motors were installed, pre-launch checks were carried out by the NASA team and our science
team’s main responsibility was to maintain the payload’s vacuum and cryogenic temperatures
leading up to the launch. This included the process of attaching the full rocket assembly to
the launch rail (Figure 3.6).
Lastly, our team participated in pre-launch rehearsals of the countdown (Figure 3.7),
expected telemetry systems, and fall-back procedures with the NASA sounding rocket team
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to ensure a smooth launch.
Following the successful launch, the instrument was recovered and returned to the launch
assembly building at WSMR, then packaged and shipped back to RIT. The next chapter
discusses the post-flight condition, hardware refurbishment, and instrument updates for the
second CIBER-2 flight.

Figure 3.6: Launch configuration of the CIBER-2 sounding rocket. The assembly is attached
to the launch rail horizontally and then lifted to the vertical position shown here. Figure
provided courtesy of NASA.
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Figure 3.7: My role during the launch countdown for the first flight of CIBER-2 was to monitor
the temperature readings and deployment milestones from the Vehicle Assembly Building.
Figure provided courtesy of NASA.
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Chapter 4

CIBER-2: Post First Flight
In this chapter, I discuss the results of the first CIBER-2 launch, the complications that will
need to be resolved for the second flight, and the refurbishment of the instrument components.

4.1

Initial Results of Launch

CIBER-2 completed a successful engineering run with a clean recovery and acquired data on
all 7 celestial targets presented in Fig. 3.3. During flight, all events were received correctly and
all deployable systems actuated as intended. Furthermore, the flight data storage devices were
recovered intact and functional. In Figure 4.1, we show part of a flight image from Channel 3 in
the NEP field, demonstrating good optical, pointing, and sensitivity performance in this band
(see Figure 4.2 for the PSF). This image is 1/4 of the total field size. The image was developed
from the reduction pipeline described in Nguyen 2021 which takes the binary detector readouts
and converts them into a raw flight map.
Since first recovering the data, we have made significant steps in its analysis and have
made several observations about the quality of data from this flight. Though the flight was
considered an engineering success, the data did not meet our science quality benchmarks in 2
of the 3 channels. This was later found to be attributed to two problems in both Channels 1
and 2: (1) anomalously large diffuse photocurrent, and (2) a lack of focus with beam widths
∼ 3x larger than expected. Problem (1) appears to stem from a combination of out-of-band
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Figure 4.1: Initial results from CIBER-2’s first flight on June 7th, 2021. This flight image is
of 1.6 µm (top) and long-wave linear variable filter (bottom) of the NEP field. The broadband
image (top) is 1/4 of the total field size. Figure provided courtesy of the CIBER collaboration.
blocking and light leakage at the focal plane. To mitigate these complications, the CIBER-2
collaboration has fabricated better blocking filters and worked to eliminate light leaks (see
§4.2.6). Additionally, as a result of the pandemic, the payload was shipped in March 2020 and
held in storage at WSMR for 15 months before our fielding team began flight preparations again
in mid-2021. The shift in focus of the two channels is believed to be caused by either shipping
or the abnormally long period of storage the payload experienced before flight. To mitigate
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Figure 4.2: Initial results from CIBER-2’s first flight on June 7, 2021. The PSF is shown
which is used to convert the flight images to surface brightness. Figure provided courtesy of
Ortiz, M.
this risk in future flight campaigns, we will add ample time to validate and, if necessary, modify
the focus before flight (something we did not know to budget time for during the first flight
campaign).
To keep track of the many changes and advancements to be made before the next flight
of CIBER-2, the RIT team, California Institute of Technology (CalTech) team, and Kwansei
Gakuin University (KGU) team maintain a list of modifications to improve the data quality
and flight performance, as summarized in Table 4.1. We are currently addressing all of these,
and expect to reassemble the payload and begin pre-flight optical characterization by the end
of summer 2022 (see chapter 5). The following sections describe in more detail the actions
currently underway at the RIT lab to refurbish the instrument for a successful second flight.

4.2

Hardware Refurbishment

Once returning to the laboratory at RIT, the CIBER-2 instrument had to be disassembled to be
assessed for damage. Based on previous experience with similar payloads, certain components
were expected to be damaged upon landing (radiation shield, titanium supports, LN2 fill tubes,
G10 plates), and they were reviewed and recorded (Figure 4.3).
Apart from these components, many subsystems required updates or changes to be made
to resolve the complications of the first flight (Table 4.1). The following sections outline the
subsystems that are currently being upgraded for the second flight of CIBER-2.
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Table 4.1: The complications of the first flight of CIBER-2 are listed along with their suspected
causes and mitigation techniques for the next flight. The current status and cognizant party
of each item are also provided.
Performance
Complication

Cause

Mitigation Plan

Status/
Cognizant

Anomalously high
photocurrent in
2 channels
Poor focus in
2 channels

Out of band filter leaks
Poor photon shielding

Testing/
RIT

Prolonged storage of optics
Insufficient field time to fix

Low system
optical efficiency
Correlated noise
between channels
Dark current
stability
Partial loss of
flight data

Degraded mirror
coating
Crosstalk in
warm electronics
No temperature
regulation on FPAs
Error in image
storage during flight

Delamination of
one H2RG
detector surface
> 4 arcsec
pointing jitter
at boresight

Detector fabrication
process error

Improved out-of-band
blocking and sneak
path closure
Improvements to
focus calibration
apparatus and procedure
Improved telescope
mirror coating
Improve electrical isolation
and grounding
Implement active
temperature control
Debug and test of HDD
system using lessons
learned from first flight
Replacement with
new detector fabricated
with improved process
Implement CSTARS-2
Turn off Tracker Updates

4.2.1

Differential thermal
contraction of cryostat
section of payload

Done/
RIT
Design/
KGU
Testing/
CalTech
Testing/
CalTech
Debugging/
CalTech
Design/
CalTech
Testing/
RIT

CSTARS-2

The star-tracking system for CIBER-2 is attached to the instrument by the NSROC team at
the flight assembly building in the days leading up to launch (§3.4). These systems provide
pointing and navigation assistance to the instrument during flight, however, based on prior
experience, significant pointing drifts on the order of arcseconds occur. Non-uniformities
in the rocket skin, as a result of fabrication, underwent uneven thermal contraction in the
temperature extremes of launch. This uneven deformation caused the boresight of CIBER-1
to differ from the external attitude control of the rocket. These drifts were random and varied
between flights, thus they could not be predicted or accounted for in later data analysis.
To correct this pointing issue, CIBER-2 has an additional star tracker within the cryogenic
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Figure 4.3: Broken components were found after opening the instrument for the first time
following its first flight. (A) The LN2 fill tubes were sheared off due to compression imparted
during landing. (B) The titanium alloy flexures attached to the baffle for suspension underwent plastic deformation during landing. (C) The button tabs that hold the two halves of the
radiation shield together were disconnected in a few locations. (D) The G10 slats surrounding the LN2 tank for thermal isolation and suspension were compressed and sheared during
landing. (E) The radiation shield was impacted during landing resulting in a very large dent
on one side.
system [Gates, 2020]. In the event of differential thermal contraction, this internal tracker
uses CIBER-2’s observed light to correct the pointing of the instrument. This star tracker
makes use of a CMOS (sCMOS) detector at the end of a pick-off optical chain installed
directly behind the primary mirror to direct a small fraction of excess light into the camera.
However, during the first flight of CIBER-2, differential thermal contraction between the
detector and the electronics board caused solder connections to disengage, rendering CSTARS
useless. To remedy this, CSTARS has a new socket design mounted to a printed circuit board
that will maintain electrical connection even in the event of differential thermal contraction.
The electronics board size and chip location of CSTARS had to be altered to accommodate
the new design. This board was larger and oriented differently from the previous version, thus
requiring a new housing to be designed. In SolidWorks, I designed a new housing that would
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appropriately fit inside the instrument with minimal modification. The CSTARS location in
Figure 4.4 shows the fit for final design of the housing as shown in Figure 4.5.
One of the key components of the housing for CSTARS was a step element surrounding
the detector on the internal side of the housing. This step would press on precise locations
of the detector carrier to hold it in place in its electrical socket. Without this design, the
detector could come loose in the socket and lose connection during flight. These steps had to
be strategically placed to align with the non-conductive portion of the CMOS detector while
leaving enough room so as not to interact with the electrical solder joints. This housing design
is currently undergoing final prototyping and will be assembled in the CIBER-2 payload after
completing fit checks and cryogenic testing.
Lastly, to accommodate the new size of CSTARS, a new hole had to be cut in the main
optical bench of the instrument. The hole was required to be just large enough to fit one end
of the new CSTARS housing through. This change is discussed in greater detail in §4.2.5 and
illustrated in Appendix B.

(c)
(a)

(b)

Figure 4.4: (a) Image of CSTARS integrated in CIBER-2 for first flight. (b) SolidWorks assembly view of the optical path to CIBER-2 from the main telescope. (c) Visual representation
of the challenge with fitting the new CSTARS housing into CIBER-2 with the overlapping
region highlighted.
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(a)

(b)

Figure 4.5: (a) Front side of a SolidWorks model of the housing designed for CSTARS to be
integrated into the CIBER-2 payload. (b) The back of the SolidWorks model. This design is
currently being finalized.

4.2.2

Flight Harness

For the first flight of CIBER-2, the electronics wiring (harness) was staked to the instrument
with a combination of Kapton tape and aluminum foil tape. The taping was done in haste,
which led to challenges fitting the extra length of wire under the radiation shield and could
have led to damage to the delicate wires. To avoid this for the upcoming flight, I reorganized
the harnessing by measuring out the required length for each of the connections and wrapping
excess wire underneath the LN2 tank for protection. The harness was taped strategically to
minimize the interference it received from the instrument bulkhead. Figure 4.6 shows the
organization of the excess in each harness as well as the layering strategy to create separation
between the conductive layers.
Additionally, the wires were regularly probed to ensure they had not been damaged during
flight and subsequent handling. Probing all the wires allowed us to confirm the impedance
matched the listed impedance prior to launch. I completed checks before disassembly, after
disassembly, and after organizing and taping down the excess wiring. An additional check will
be completed following the reassembly of the instrument before any optical or thermal testing.
Currently, no damage has resulted from the first flight.
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(a)

(b)

Figure 4.6: (a) Organization of the excess harnessing on the room temperature instrument
bulkhead on the forward side of the LN2 tank. The different colors represent different groups
of harnessing coming from either Arm S, M, or L in relation to the location of the LN2 fill
tubes. (b) The stacking method for wrapping the wires on top of the bulkhead so that the
wires do not interfere with each other.

4.2.3

Radiation Shield

The radiation shield of the instrument serves to intercept the radiative load incident on the
cryogenically cooled optics emitted by the external rocket skin housing. The radiation shield
is composed of two rolled sheets of aluminum 1100 (see Appendix C) and is fixed at the top
and bottom of the cryostat as well as at strategically located G10 supports. The two halves
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of the shield clamp around the internal optics assembly and attach to small aluminum tabs.
Figure 4.7a illustrates the location of each of these components in the SolidWorks model.
During the first flight of CIBER-2, the radiation shield was damaged at landing, which
required that it be remade for the second flight (Figure 4.7b). Seeing as the shield had
to be replaced, I inspected the SolidWorks model to ensure its accuracy before beginning
fabrication. I ensured the hole locations were accurate, for the shield used on the first mission
was incorrectly machined in a few key areas (Figure 4.3c). Additionally, the internal surface
of the radiation shield was hard black anodized to reduce internal light scattering (see §4.2.6).

(a)
(b)

Figure 4.7: (a) Assembly location of the radiation shield. The top support, bottom support,
and G10 supports attach to the instrument assembly while the aluminum tabs attach the
two halves of the radiation shield. (b) Radiation shield damage from landing impact during
CIBER-2’s first flight.

4.2.4

Multi-Layer Insulation (MLI) Blanket

For the first flight of CIBER-2, many layers of insulating Mylar® were wrapped around the
radiation shield for additional thermal insulation and light reflectance. The layers are fitted to
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surround the radiation shield and part of the G10 suspension plates. As shown in Figure 4.8,
the Mylar® was not organized and was fastened with tape before integrating the flight rocket
skin onto the instrument [Nguyen, 2021]. For the second flight, I designed and supervised the
manufacture of sewing a blanket of 6 layers of Mylar® in a quilt pattern with thin (0.5mm)
nylon thread (Figure 4.9). The quilt was sewn with a sewing machine and on the edges of the
blanket, nylon hook-and-loop strips were sewn on to ensure the blanket would hold tightly to
the radiation shield.

Figure 4.8: MLI blanket from the CIBER-2 first flight. The sporadic taping was all that held
on the MLI to the radiation shield. The rocket skin opened many tears in the MLI during
assembly and disassembly because of the non-uniformity of the wrapped material. Figure
provided courtesy of the CIBER collaboration.

4.2.5

Optical Bench

The optical bench is the central component of the CIBER-2 instrument assembly. Once
determining that the new CSTARS electronics housing would not fit in the current optical
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(a)

(b)

Figure 4.9: (a) The front side of the MLI blanket that was designed and sewn with Nylon
thread to cover the radiation shield in flight. (b) The back of the MLI blanket.
assembly (see §4.2.1), I cut out a portion of the optical bench to allow for room. Since
this operation required the disassembly of all the optics, I lightweighted the optical bench
while we had the opportunity. As the main optical bench sets the mechanical rigidity of the
entire cryogenic insert, great care was taken to ensure the light weighting did not impact
the structural integrity of the piece. I modified the SolidWorks model of the optical bench
with input from our collaborators at KGU. The resulting model was run through a series of
structural and vibration simulations. These simulations found that the modifications do not
impact the strength of the bench, thus a spare optical bench was modified with the finalized
changes (see Appendix B for the engineering drawing).
Once the new bench design was completed, it was sent to be anodized in the same locations as the original bench (see §4.2.6 and Appendix B). Concurrently with this, we verified
that the flatness and parallelism requirements of the bench were still met even after machining
the aluminum. Through extensive testing with a Gage FaroArm® , the flatness was confirmed
to be similar to the bench used in flight, but not within the tolerances of the original machining specifications. The tolerance requirements of the original specifications are provided
in Appendix B. The measured quantities for the flatness, parallelism, and perpendicularity
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of each surface of the new optical bench are provided in Tables 4.3 and 4.4 with a reference
image provided in Figure 4.10. The measured values of the optical bench from the CIBER-2
first fight are provided in Table 4.2. Even though the tolerances were not within the original
design specifications, the offset will not impact the structural integrity or alignment of the
instrument.
Table 4.2: Measurements of the optical bench from the CIBER-2 first flight after removing it
from the payload. All values provided are in millimeters.

Datum A
P1
P2
P3
P4
P5
P6
Wall

Flatness

Parallelism

Perpendicularity

0.016
0.211
0.068
0.07
0.165
0.067
0.112
0.082

0.185
0.176
0.228
0.131
0.242
0.417
-

0.02

Table 4.3: Measurements of the new optical bench before test-fitting it in the payload. All
values provided are in millimeters.

Datum A
P1
P2
P3
P4
P5
P6
Wall

Flatness

Parallelism

Perpendicularity

0.326
0.331
0.107
0.114
0.109
0.054
0.168
0.069

0.484
0.354
0.511
0.239
0.107
0.319
-

0.118

Once receiving the newly anodized bench, the first flight bench was removed and replaced.
For a comparison of the old and new bench, see Figure 4.11.

4.2.6

Addressing Light Leakage

Many components required attention to address the issues from light leaks within the optical
system (Table 4.1). The steps taken to address light leaks include: redesigning detector
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Table 4.4: Measurements of the new optical bench after test-fitting it in the payload. All
values provided are in millimeters.

Datum A
P1
P2
P3
P4
P5
P6
Wall

Flatness

Parallelism

Perpendicularity

0.29
0.274
0.087
0.137
0.165
0.043
0.132
0.09

0.218
0.467
0.112
0.357
0.283
0.496
-

0.04

Figure 4.10: Reference image of the layout of the optical bench and the corresponding measured
surfaces. The datum A surface is the highest surface on the backside of the bench. All
measurements are referenced from the datum surface.
windows, enclosing the light path, anodizing components, and installing updated filters in
Channels 1 and 2.
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(a)

(b)

Figure 4.11: (a) The front side of the new (top) and flight (bottom) optical benches. As
shown, the alterations made to the design are apparent. The difference in the darkness of the
anodization will also improve light reduction in the system. (b) The back of the new (top)
and flight (bottom) optical benches.
LVF Holders: Redesigning Detector Windows
The linear variable filter (LVF) is located below the H2RG detectors on each of the three FPAs.
The images from the first flight of CIBER-2 contained an anomalously high photocurrent in
2 of the 3 detectors. One of the strategies implemented to combat this was to reduce the
light reflected into the edges of both the LVF and the H2RG detectors from their mechanical
housings. To achieve this, I determined the necessary inclination angle for a chamfer on the
window to the LVF and the edge of the H2RG detector. The angle required to deflect the
light was determined from the angle of incidence of the incoming light (Figure 4.12).
Once this design was finalized and verified, I fabricated new LVF holders from Invar and
applied a black coating to absorb photons rather than reflect them. These new holders will
be integrated into the experiment in the upcoming months.
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(a)

(b)

(c)

Figure 4.12: (a) Side profile of the design of the LVF holder for CIBER-2’s first flight. The
shelves that reflected stray light are highlighted. (b) Rotated image of the new LVF holder
with the dimensions of the chamfers highlighted. (c) A schematic highlighting the edges that
were chamfered to reduce light reflection. The maximum incoming light angle from the optics
was determined to be 18 degrees, thus the angle of the chamfers had to be greater than 18
degrees to ensure the incoming light did not reflect off the edges and onto the detectors.
Optical Covers: Enclosing the Light Path
For parts of the optical assembly in the CIBER-2 instrument, there were exposed areas covered
with blackened aluminum foil and aluminum tape for the first flight (Figure 4.13). While this
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foil covered the gaps between optical components, it was not robust in blocking photons within
the system and is believed to be the cause of light leaks in two of the three channels. As an
update for the next flight, I designed covers made from aluminum 1100 that would hold their
shape around the openings in the light path. These covers were made to fit each of the locations
highlighted in Figure 4.13. A graphical rendering of these covers is provided in Figure 4.14.
The engineering drawings for the optical covers are provided in Appendix D.
When designing these covers, many considerations were made including thermal contraction, vibration damping, and ease of assembly. Since the optical assembly has strict requirements on the fit of each of the components, the thermal contraction of the covers had to be
considered in the design process. Appropriate space was allocated to each of the covers to
ensure the alignment of the optics would not be impacted by differential thermal contraction.
Additionally, the covers had to be properly attached to the optical assembly to ensure they
would not come loose from launch vibrations or the vacuum of the space environment. Lastly,
the covers needed to be attached to the optical assembly without disassembling the delicate
optics. Following each of these considerations, I designed the covers in SolidWorks and then
had them fabricated and hard black anodized. They were then installed in the optical systems
during reassembly (see §4.3).
Anodizing Components
If there are any exposed components of the optical assembly, photons can escape the light path
and reflect throughout the instrument. The photons bounce off any surfaces with high reflectivity. The reflected photons have the potential to be absorbed on a detector and contribute
excess noise to the recovered flight images. One of the greatest sources of reflecting photons
is any exposed aluminum 6061 which has high emissivity and low absorption coefficients. One
method of increasing the absorption coefficient of aluminum is by hard black anodizing the
surface [Hillard et al., 1998]. Hard black anodizing (type III anodizing) is an electrolytic
passivation process that increases the thickness of the natural oxide film on the part surface,
thus blackening the material and providing a layer of protection. Hard black anodizing was
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Figure 4.13: Placement of the optical covers within the instrument system. Their locations
are highlighted in the graphical model on the left and the post-flight images are displayed on
the right.

(a)

(b)

Figure 4.14: (a) Graphical render of the cover located inside the optical assembly. This piece
can be slid into its location without disassembling the optics. (b) Graphical render of the
cover located on the outside of the optical assembly. These pieces attach externally to the
optical components. The holes in both designs are attachment locations to the existing optical
components. Holes were tapped into these components for secure attachment of the covers.
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specifically chosen because it absorbs at the wavelengths detected by CIBER-2 (0.5-2.5µm),
thus reducing the noise impact on our images in their respective wavebands. For our purposes,
any component within the internal thermal layer of the instrument would ideally be anodized.
This helps to sink any stray light within the system, rather than reflecting it internally and
having it negatively impact our measurements.
Most of the internal components of the CIBER-2 system are already anodized appropriately, but there were a few components that we are currently anodizing for the second flight.
These include: the new optical bench (§4.2.5), the radiation shield (§4.2.3), the new optical
covers, both the pop-up and the fixed baffles, the covers for the FPAs, and the new housing for
CSTARS (§4.2.1) (Figure 4.15). For optimal thermal isolation and reflected light absorption,
only certain components were fully hard black anodized (the optical covers, the FPA covers,
and the CSTARS housing). The other components were selectively masked to anodize only
the portions that are exposed to cooled components. The masking layout for the optical bench
is provided in Appendix B. For the radiation shield, the pop-up baffle, and the fixed baffle,
only the internal surfaces were anodized, leaving the external surfaces with a high emissivity
coefficient. This allowed for the heat emanating from the rocket skin to be reflected away from
the internal surfaces while simultaneously absorbing any stray photons internally.
New Filters for Channels 1 and 2
The final step taken to address light leaks in the optical system was to implement better
optical filters for Channels 1 and 2. The high photocurrent in these two channels was partially
due to red leaks from the original filters. The team from KGU replaced the filters when they
visited RIT (see §4.3). The new filters were installed seamlessly, but have yet to be tested in
the system.

4.3

Reassembly

At this point in the refurbishment of CIBER-2, the main reassembly of the instrument occurred
when the KGU team visited RIT in June 2022. Their team visited for 8 days to disassemble
68

4.3. Reassembly

4.3. Reassembly

Figure 4.15: Newly anodized components are provided for reference. (A) The anodized FPA
covers are masked only on the threaded holes. (B) The optical covers are fully anodized
(§4.2.6). (C) The pop-up baffle is anodized internally to reduce the reflection of photons
entering the instrument. (D) The radiation shields are anodized internally to absorb stray
photons inside the cryostat. The external surfaces are masked to reflect the thermal load from
the rocket skin.
the payload, clean and update the optics, install the new optical bench, and reassemble the
optics. Once the team returned, we shipped the telescope back to KGU to resurface the
primary mirror and perform further optical testing on its alignment.
Currently, the instrument is being reassembled as new components are completed. An
overview of the future schedule of the CIBER-2 assembly is provided in chapter 5.
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Chapter 5

Future Work
5.1

FTS

As described in chapter 2, the FTS is currently being fabricated and assembled with an
expected completion date of September 2022. Cryogenic and optical commissioning will then
commence through early 2023. This cryogenic and focus testing will validate its functionality.
The FTS will then be shipped in early 2023 to our collaborators in Illinois, who are fabricating
the on-chip spectrometer, where it will be used to calibrate the new technology.

5.2

CIBER-2

The payload is currently being reassembled after completing the aforementioned changes (discussed in chapter 4). Once reassembly is complete, the payload will undergo rounds of cryogenic testing while awaiting the new LVF holders and the CSTARS housing. Once the LVF
holders have been properly integrated, the FPAs will be reattached to the payload, including
the attachment of the CSTARS optical assembly. The RIT team will then be ready to integrate
the upgraded warm electronics box and harness. The harness and thermometer readouts will
be reconnected to the system and tested for functionality. The telescope is expected to return
to RIT by October 2022 and the new shutter door and fixed baffle from WFF by November
2022. This will complete the reassembly of the instrument and allow the team to begin exChapter 5. Future Work
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tensive focus, spectral response, cryogenic, and flat-field testing to prepare the payload for its
next launch. A summary chart of this schedule is provided in Table 5.1.
Table 5.1: Schedule of the upcoming tasks to be completed by the CIBER-2 RIT team to
prepare the instrument for its second flight.

The CIBER-2 mission is expected to fly once more following a successful second launch
campaign. Beyond CIBER-2, future missions are expected to produce science results within
the next decade that will probe the EOR similar to CIBER-2 (Euclid, Nancy Grace Roman Space Telescope, James Webb Space Telescope). Most noteworthy of these missions is
SPHEREx which is scheduled to launch no earlier than 2024 [Doré et al., 2014]. SPHEREx
plans to produce a number of exciting science results, the most relevant of which being deep
observations of the ecliptic poles to enable line intensity mapping at a much greater sensitivity
than CIBER-2. Thus, CIBER-2 will continue to uniquely probe the EBL fluctuations through
intensity mapping until SPHEREx comes online.
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Appendix A

FTS Cryostat Details
The following two pages contain the engineering drawing and heat capacity map for the Sumitomo RDK-305D cryocooler used in the FTS.

APPENDIX A. FTS CRYOSTAT DETAILS
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SRDK-305D Cold Head Capacity Map (60 Hz)
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APPENDIX B. OPTICAL BENCH ENGINEERING DRAWINGS

Appendix B

Optical Bench Engineering Drawings
The following 12 pages include the dimensions of the updated optical bench presented in the
form of technical engineering drawings.
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The following 4 pages include the dimensions of the areas masked from anodization on
the updated optical bench. The dimensions are presented in the form of technical engineering
drawings.
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APPENDIX C. RADIATION SHIELD ENGINEERING DRAWINGS

Appendix C

Radiation Shield Engineering
Drawings
The following 4 pages include the dimensions of both halves of the radiation shield presented
in the form of technical engineering drawings. The first half is labeled as “Radiation Shield 1”
and the second half as “Radiation Shield 2”.
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Appendix D

Optical Covers Engineering Drawings
The following 9 pages include the dimensions of each of the optical covers. All covers are
fabricated from aluminum 1100 and all dimensions are in inches.
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